Introduction
Conversion paresis is characterised by loss of voluntary motor function that cannot be explained by known neurological or medical disorder. Onset of symptoms is often associated with psychological stressors. The underlying neurobiological mechanisms still remain poorly understood. Studies have shown increased cortical thickness and grey matter volume in the bilateral premotor cortex of patients with conversion paresis (Aybek et al., 2014) . Functional neuroimaging studies have demonstrated a failure to activate contralateral motor (Marshall et al., 1997; Stone et al., 2007) and premotor cortex during action execution, action selection (Voon et al., 2011) , movement observation (Burgmer et al., 2006) and during recall of clinically repressed events (Kanaan et al., 2007) in affected patients. In addition, prefrontal areas, insula, amygdala and anterior cingulate cortex have been implicated in motor conversion disorder (Boeckle et al., 2016) .
Here we used functional magnetic resonance imaging (MRI) to assess task-based brain activation of the motor system in a 25-year old woman who presented with acute conversion paresis of her left hand. MRI measurements of motor brain activity were repeatedly performed until the patient had fully recovered from paresis. We hypothesised that recovery of symptoms would be associated with dynamic changes in premotor activation during a motor task. We were a-priori interested in tracing activity changes in the dorsal premotor cortex (PMd) due to its central role in the planning and preparation of movement and in the action selection network (Graziano, 2006; O'Shea et al., 2007) . Therefore, we chose a simple sensorimotor task devoid of cognitive or emotional content to minimise the functional engagement of prefrontal or limbic areas. We hypothesised that a conversion paresis would be associated with deficient recruitment of PMd during volitional actions. This deactivation would gradually recover to a normal level with the resolution of symptoms. We further wished to examine whether the reduction of PMd activation was specific to movement of the affected hand, or represented a more general pattern also expressed during movements with the non-affected hand.
Material and methods

Patient history
We studied a 25-year old right-handed woman who met the diagnostic criteria for conversion disorder (Diagnostic and Statistical Manual of Mental Disorders, 5th ed.). She developed a paresis of her left hand with subacute onset and was initially suspected of presenting the first symptom of multiple sclerosis. She presented with decreased muscle strength of her left arm and hand graded by a neurologist on the Medical Research Council (MRC) scale: shoulder abduction 4þ, elbow extension 4, elbow flexion 4þ, wrist extension and flexion 4, finger abduction 3, finger extension and flexion 3. Deep tendon reflexes of the left upper extremity were described discretely more brisk compared to the right side and the plantar responses were normal. Structural MRI examinations of the brain and the spinal cord before and after intravenous gadolinium injection showed no abnormality (including fluid attenuation inversion recovery and diffusion weighted imaging). Cerebrospinal fluid was normal without oligoclonal bands and normal IgG-index. Motor evoked potentials with triple stimulation, visual evoked potentials and somatosensory evoked potentials were all normal. The patient entered a rehabilitation program once weekly and over the subsequent months her motor function recovered completely. Written informed consent was obtained from the patient prior to scanning, and all protocols were approved by the local scientific ethical committee (protocol no. KF01-131/03).
Assessment of motor performance
Motor performance was assessed at each session before and after functional MRI (fMRI) scanning of the brain (Fig. 1A) . Using a blocked design, the patient performed four finger-tapping tasks in blocks lasting 16 s, separated by a break of equal duration. She was instructed to perform as many finger taps as possible during a task block (Fig. 1E) . The four tapping tasks consisted of: (i) alternate tapping with right index and middle finger, (ii) alternate tapping with left index and middle finger, (iii) alternate tapping with left and right index finger, and (iv) simultaneous tapping with right and left index finger (Fig. 1B) . Motor performance was indexed as the mean interval between consecutive button presses with either finger for each of the four tasks separately. For each task the average performance across the two performance runs was calculated (Fig. 1C) .
Functional magnetic resonance imaging
The patient underwent five fMRI examinations of the brain. The first fMRI session was performed at day 17 after paresis onset. Successive fMRI sessions were performed on a 3.0 T Magnetom Trio Scanner (Siemens, Erlangen) equipped with an 8-channel receive head coil, and scans were obtained 4 and 7 weeks as well as 3 and 9 months after paresis onset. Resting-state and task-based changes in blood-oxygen-leveldependent (BOLD)-signal were mapped using an echo planar imaging using a magnetisation prepared rapid acquisition gradient echo (MPRAGE) sequence (TR ¼ 1550 ms, TE ¼ 3.04 ms, inversion time ¼ 800 ms, flip-angle ¼ 9
, 256 Â 256 acquisition matrix, 1 mm isotropic voxels, 192 slices).
Motor fMRI paradigm
We employed a blocked fMRI paradigm which alternated between the same four conditions as in the behavioural performance task (Fig. 1B and D) : (i) alternate tapping with right index and middle finger, (ii) alternate tapping with left index and middle finger, (iii) alternate tapping with left and right index finger and (iv) simultaneous tapping with left and right index finger. However, as opposed to the behavioural performance tasks (where the subject performed the tapping as fast as possible), the fMRI tapping condition was visually paced at a frequency of 0.5 Hz (Fig. 1D) . The low tapping rate ensured equivalent performance during fMRI acquisition across the four conditions and five sessions. The four conditions were visually instructed by presenting a drawing of the left and right hand (dorsal view) on a screen. The two fingers that were required to tap in a given block were labelled with red or blue colour. Different colours instructed alternating tapping with one finger marked in red and the other in blue (Fig. 1B) . When both fingers were marked with the same blue colour, they had to be tapped simultaneously (Fig. 1B) . A single finger-tapping block lasted for 16 s, including the instruction screen (displayed for 1 s), and pauses at the beginning and end of the block. Within each block, six repetitions (each consisting of a sequence of two finger taps, one per finger) were cued by a centrally placed red circle (displayed for 1 s) that changed appearance to a square (displayed for 1 s) for each repetition. Each block was followed by an 8 s period of rest. Each tapping condition was repeated 8 times during the experiment. The visual presentation was provided by means of a LCD projector (Canon LV7540) located outside the scanner room. A zoom lens (BuhlOptics 849MCZ087) projected the image onto a screen behind the patient's head. The screen covered 24 Â 18 of the visual field and was visible to the patient through a mirror.
Pre-processing
Both task-based and resting-state fMRI data were pre-processed using statistical parametric mapping software (SPM12, http://www.fil.ion.ucl. ac.uk/spm). The first two brain volumes were excluded from analysis to allow for T1 equilibrium. The EPI images were motion corrected by a sixparameter rigid body realignment to the time series mean using a twostep procedure, and spatially normalised to the Montreal Neurological Institute (MNI) 305 template and then spatial smoothed using a Gaussian kernel with 8 mm full-width at half maximum.
Statistical analysis
The task-specific performance indices, obtained before and after the task-based fMRI scanning, were treated as linear regressor (1-5) in a general linear model to test for linear improvements across sessions (Fig. 1C) .
For task-based fMRI, the five sessions were modelled using a fixedeffects (within-subject) general linear model (GLM) in SPM12 using session-specific regressors. Each of the four tapping conditions was modelled separately by convolving the 16 s blocks with the canonical hemodynamic response function. In addition, a 24 parameter Volterra expansion of the motion-parameters were included per run as nuisanceregressors to account for residual motion effects in the data (Friston et al., 1996) . We modelled changes in tapping-induced BOLD activity (mean across the four conditions) associated with motor recovery. To this end, we calculated the difference in tapping performance between the affected left (condition (ii)) and the unaffected right hand (condition (i)) for each session and used this metric to specify an appropriate contrast vector in the GLM (Fig. 1C, green dotted line) . Significance level was set at p < 0.05, applying family-wise error (FWE) correction at the cluster-level, using an uncorrected cluster-forming threshold of p < 0.001. The GLM analysis of task-based fMRI data revealed three cortical regions, the right medial prefrontal cortex (mPFC), left and right PMd, where task-related activity scaled linearly with recovery of motor function. This prompted post-hoc connectivity analyses to delineate timedependent changes in functional connectivity among these three cortical regions during the course of functional recovery. Connectivity analysis estimated partial correlation between the mean time-series in each of the three clusters controlling for the same 24 nuisance parameters as the main GLM model. The correlation was performed separately for each of the four conditions by only considering time-points where the specific condition was performed and it was done separately for each session.
Functional connectivity analyses were also extended to the restingstate fMRI data to test for recovery-related changes in functional connectivity among right mPFC, right and left PMd in the absence of finger movements. Resting-state fMRI analysis included the 24 motion regressors as nuisance variable.
Results
At the time of inclusion, the patient presented with marked weakness of the left hand. Left hand motor function gradually returned to the normal level over the subsequent three months. Paresis had recovered completely at the final assessment after nine months (Fig. 1C) . We assessed the behavioural improvement over time by correlating behavioural performance with a linear regressor reflecting the 5 time points (1-5). We found that left hand (r ¼ À0.99, p ¼ 0.002) but also the difference between left and right hand performance (green dotted line, Fig. 1C ) significantly improved over time (r ¼ À0.998, p < 0.001). This was also the case for bimanual alternating fingertapping (r ¼ À0.93, p ¼ 0.020) and bimanual simultaneous fingertapping (r ¼ À0.89, p ¼ 0.041), whereas unimanual right hand finger-tapping remained stable across the five sessions (r ¼ À0.45, p ¼ 0.446; Fig. 1C) .
The fMRI measurements were performed five times during the period of left hand recovery and the patient could perform the task adequately from the beginning. Baseline contrasts for each tapping condition and each session are illustrated in Supplementary material (Fig. 1S) . Regression analysis revealed a statistically significant relationship between functional activation in the right (P FWE ¼ 0.001, peak MNI coordinates x,y,z ¼ 14,-4,74) and left (P FWE <0.001, peak MNI coordinates x,y,z ¼ À20,-8,72) PMd and motor improvement ( Fig. 2A) . The PMd showed a bilateral deactivation in the acute-subacute phase. The motor activation of left and right PMd gradually increased over time, reflecting the magnitude of clinical improvement ( Fig. 2A and B) . When we extracted the parameter estimates per condition, we saw that this activation pattern was present for finger-tapping with the affected (left) and unaffected (right) hand, and to a lesser extent with bimanual fingertapping (Fig. 2C) . A single brain region in right mPFC (P FWE <0.001, peak MNI coordinate x,y,z ¼ 6,60,32) showed the opposite relationship ( Fig. 2A and B) . This activation pattern was most pronounced with fingertapping of the paretic hand as illustrated by extracting the parameter estimates per condition (Fig. 2C) .
Descriptive post-hoc analysis of functional connectivity revealed an increase in functional connectivity between right mPFC and bilateral PMd in the bimanual alternating tapping task in the last two sessions where the patient had recovered clinically (Fig. 3) . Increasing functional connectivity was also observed between right and left PMd with motor recovery in the two bimanual tasks (Fig. 3) . No clear trends were detected in the other conditions. Formal statistical testing revealed that only the correlation between left and right PMd significantly increased over time (r ¼ 0.89, p ¼ 0.044), while all other correlations were non-significant (p > 0.19).
The resting-state functional connectivity analysis showed significant within-session correlation between right mPFC and both right and left PMd in the first three fMRI sessions (p < 0.001, uncorrected). This interarea correlation decreased to a non-significant level for the last two sessions (p > 0.015, uncorrected; Fig. 4) . Accordingly, we observed a weak statistical trend towards a decrease in resting-state connectivity between right mPFC and right PMd (r ¼ 0.75, p ¼ 0.14) and between right mPFC and left PMd (r ¼ 0.80, p ¼ 0.11). Functional connectivity between left and right PMd was highly significant across all five experimental sessions.
Discussion
This is the first longitudinal fMRI study on a single-case patient with conversion paresis from impairment to full recovery. We found an inversely related activation pattern between PMd and mPFC. The PMd showed bilateral deactivation in the acute-subacute phase that gradually changed into increased activation in proportion to motor recovery, whereas the right mPFC displayed the opposite pattern. These inverse dynamics were present during tapping with the affected or non-affected hand as well as during bimanual finger-tapping. Fig. 2 . Functional activation of dorsal premotor cortex and medial prefrontal cortex reflect motor improvement. The PMd showed a bilateral deactivation in the acute-subacute phase that turned into increased motor activation in proportion to the magnitude of clinical improvement. The stronger motor remission, the more the activation of bilateral PMd increased. The right medial prefrontal cortex (mPFC) showed the opposite relationship, an initial increased activation that gradually decreased in proportion to motor remission ( Fig. 2A and B) . Fig. 2C shows the parameter estimates per condition over sessions. It illustrates that the inverse dynamic of PMd and mPFC activation were present regardless of tapping with the left (paretic hand) and right hand, and to a lesser extent with bimanual movements. The axial slices are arranged from most cranial to most caudal (z-coordinates, Montreal Neurological Institute (MNI)). The red and blue overlays indicate t-values as shown in the colour bar to the right. Fig. 3 . Functional connectivity patterns for each motor condition. Functional connectivity (y-axis) for each motor condition across the five experimental sessions (x-axis). A trend towards increased functional connectivity between right mPFC and bilateral PMd was seen in the bimanual alternating tapping task in the last two sessions where the patient had recovered clinically (red and yellow lines in panel C). Functional coupling between right and left PMd also increased with motor recovery in the bimanual tapping tasks (blue lines in panels C and D). With formal testing only the correlation between right and left PMd over time significantly increased.
The PMd is particularly well positioned to produce functional paresis and to mediate recovery of motor function since it takes part in the action selection network and in the planning and preparation of movements (Graziano, 2006; O'Shea et al., 2007) . Moreover, the PMd serves an integrative role of converging input from subcortical motor (basal ganglia and cerebellum) and parietal cortex afferents, and sends projections to the primary motor cortex and directly to the corticospinal tract (Dum and Strick, 1991) . A recent study has shown increased cortical thickness in bilateral premotor cortex in hemiparetic conversion patients which could represent a compensatory response to the increased challenge of motor function (Aybek et al., 2014) . Functional imaging studies have reported a failure to activate the premotor cortex in patients with left side paralysis (Marshall et al., 1997) and in patients with excessive motor symptoms (Voon et al., 2011 ) during an action selection task. These findings are in line with our observations of a deactivation of PMd in the initial course of events. In parallel with clinical motor improvement we found a gradual increase in activation of PMd which most likely reflects a return to a normal activation pattern.
The mPFC expressed the opposite pattern with increased activation in the acute-subacute phase which gradually diminished with motor recovery. Indeed it is interesting that a corresponding region in medial prefrontal cortex is activated when inhibiting intentional actions (Brass and Haggard, 2007) . Brass et al. investigated the neural correlates to the endogenous inhibition of intentional action using fMRI. Comparing intentional inhibition of action with the execution of action, they found activity in the dorso-fronto-median cortex. They proposed this region to represent the 'whether' component of intentional action which may involve a final check whether or not the action goes ahead (a 'veto'-region) (Brass and Haggard, 2008) . Earlier imaging studies have proposed that top-down regulation from higher order frontal regions may inhibit the motor networks downstream as a pathway to produce functional symptoms (Marshall et al., 1997; Spence et al., 2000) . A simultaneous activation of frontal inhibitory areas and inhibition of the somatosensory cortex has previously been demonstrated in motor conversion patients (Marshall et al., 1997; Tiihonen et al., 1995) . The inverse dynamics of PMd and mPFC activity is compatible with the notion of top-down inhibition of PMd in the acute-subacute phase which gradually diminishes with the resolution of symptoms. It is tempting to speculate that an overactivation of the 'veto' or 'whether' region in mPFC along with a deficient activation of dorsal premotor areas might underlie the neural substrate of conversion paresis.
We further wanted to examine whether the reduction of PMd activation was specific to movement of the affected hand or represented a more general phenomenon. We found that finger-tapping with the affected and non-affected hand as well as bimanual finger-tapping elicited the same inverse dynamics of PMd and mPFC over time. We therefore propose that the reduced PMd and increased mPFC activity reflects a task-independent cortical dysfunction in conversion paresis that gradually disappears with motor recovery.
For both unimanual and bimanual tapping, motor performance with the affected left hand recovered gradually from session to session. It is worth noting that bimanual tapping was less impaired from the very beginning relative to unimanual left hand tapping, although bimanual tapping engaged the affected hand (Fig. 1C) . This suggests that performance of the affected left hand can be improved using a bilateral strategy (Helmuth and Ivry, 1996) .
Functional connectivity analysis revealed a trend increase in taskbased functional connectivity between right mPFC and bilateral PMd in the last sessions after the patient had recovered from hand paresis. This trend was only present during bimanual alternating tapping, which was the most demanding task of the four conditions. An increased functional coupling between right and left PMd was also observed in the bimanual conditions when motor symptoms had resolved. Together, these findings suggest that recovery from conversion paresis is associated with the restoration of task-based functional connectivity between right mPFC and PMd bilaterally, but also between the right and left PMd.
Interestingly, prefrontal-premotor connectivity in the resting-state showed the opposite pattern. Functional coupling between right mPFC and both PMd was stronger in the acute paretic stage and decreased in the last two sessions, when the patient had recovered from hand paresis. In contrast, inter-hemispheric resting-state functional connectivity between right and left PMd was stably expressed throughout all sessions. The gradual decrease in resting-state functional connectivity between mPFC and both PMd (red and yellow curves, Fig. 4 ) displayed the same time-course as the attenuation in task-related activation of right mPFC during the course of recovery (blue curve, Fig. 2B ). It is therefore tempting to speculate that a reduced restingstate connectivity between mPFC and PMd might have driven the opposite temporal dynamics of task-related activity of mPFC (i.e., a decrease over time) and PMd (i.e., an increase over time) in our patient. However, these results also illustrate that the relationship between task-associated activation, task-based and resting-state functional connectivity is not straightforward and needs to be addressed further in future prospective fMRI studies.
An obvious limitation of this single-case study is that we cannot make generalised inferences regarding motor conversion disorder. When interpreting serial fMRI studies, it is important to demonstrate the reproducibility and stability of serial measurements in healthy controls. Therefore, it would have been desirable to assess session-to-session variations in activity and connectivity. In this study, we focused on Fig. 4 . Resting-state functional connectivity between right medial prefrontal cortex and dorsal premotor cortex. Change in resting-state functional connectivity (y-axis) across the five experimental sessions (x-axis). Resting-state functional connectivity between right mPFC and bilateral PMd was significantly increased during the first three sessions and decreased to a non-significant level during the last two sessions in which the patient had recovered clinically (red and yellow lines). Resting-state functional connectivity between bilateral PMd was higher than prefrontal-premotor connectivity and remained stable across all five fMRI sessions.
functional activation related to recovery from a conversion paresis and functional connectivity was only addressed post-hoc. However, the present study generated new hypotheses that warrant further investigation in future prospective group studies. This would enable to examine whether the dynamic changes in functional activation and connectivity of prefrontal-premotor regions found in our patient is a consistent feature shared among affected patients. Experimental manipulations of motor or cognitive effort as well as emotional engagement would be helpful to provide deeper insights into the involvement of prefrontal, premotor and limbic areas and their dynamic interaction during the recovery from a motor conversion disorder.
Conclusions
This first longitudinal study on a single patient provides new insights into the neural correlates of conversion paresis. We identified deactivation of premotor and increased activation of prefrontal regions that gradually returned to normal with symptom resolution in a patient with conversion paresis. The inverse activation pattern presumably reflects a cortical dysfunction in conversion paresis which might involve a top-down active inhibitory function of medial prefrontal cortex including the 'veto' region in the model of voluntary action on premotor areas. Although these findings are from a singlecase study, they provide unique insights into the dysfunction underlying motor conversion and the neural substrate of volitional actions. The hypothesis that motor conversion may be due to excessive medial prefrontal activity and deficient recruitment of dorsal premotor cortex should be addressed prospectively with fMRI or other functional brain mapping techniques in groups of affected patients, including the analyses of functional prefrontal-premotor-motor connectivity.
